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I. INTRODUCTION 

During t h e  f irst  h a l f  of 1 9 6 7  t h e  Man-Vehicle Control  

Laboratory cont inued i t s  i n v e s t i g a t i o n  of the  problems of 

dynamic space o r i e n t a t i o n  w i t h  approximately 1 6  graduate  

s t u d e n t s  working under t h e  supe rv i s ion  of P ro fes so r s  Yao T. 

L i ,  Laurence R. Young, and Jacob L. Meiry. T h e  major s i n g l e  

e f f o r t  during t h i s  pe r iod  w a s  devoted t o  development of new 

3-D d i s p l a y  techniques f o r  use i n  p o s s i b l e  v e h i c l e  a p p l i c a t i o n .  

By using head movement cues t o  gene ra t e  a moving image, w e  

succeeded i n  a t t a i n i n g  a c e r t a i n  e f f e c t i v e n e s s  of depth repre-  

s e n t a t i o n  on a cathode ray tube d i s p l a y .  T h e  body of t h i s  

r e p o r t  i s  devoted t o  a b r i e f  review of some of t h e  approaches 

and problems a s s o c i a t e d  w i t h  t h i s  p r o j e c t ,  which concerned 

t h e  ma jo r i ty  of t h e  Man-Vehicle Control  Laboratory s t a f f  

members a t  one t i m e  o r  another .  I n  a d d i t i o n  t o  t h i s  r e sea rch ,  

a number of o t h e r  areas of i n v e s t i g a t i o n  w e r e  cont inued,  t h e  

r e s u l t s  of which w i l l  be r epor t ed  i n  subsequent t e c h n i c a l  

r e p o r t s .  These a reas  inc lude  t h e  following: 

Our approach t o  t h e  modelling of l e a r n i n g  and adapt ive  

systems using Bayesian updating of a discrete s t o c h a s t i c  

model continued. The model developed by Preyss  was extended 

f o r  use i n  t h e  s i t u a t i o n  of l e a r n i n g  t o  c o n t r o l  a p l a n t  w i t h  

o t h e r  than 1/s2 dynamics. I n  a d d i t i o n ,  t h e  computer program 

f o r  t h e  l e a r n i n g  model was r e w r i t t e n  f o r  o u r  hybr id  computer 

i n  an e f f o r t  t o  develop a r e a l  t i m e  l e a r n i n g  model which would 
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d u p l i c a t e  the  l e a r n i n g  and adapt ive  c o n t r o l  c h a r a c t e r i s t i c s  

of t h e  human ope ra to r .  

Experiments w e r e  completed during t h i s  pe r iod  on 

q u a n t i z a t i o n  of t h e  effects  of r o l l  motion cues on the  pe r fo r -  

mance and desc r ib ing  func t ion  of  t h e  human o p e r a t o r  c o n t r o l l i n g  

a v a r i e t y  of veh ic l e  dynamics. This c o n s t i t u t e s  an important  

da t a  base f o r  c o n t r o l  experiments on motion cues. I t  w i l l  be 

t h e  b a s i s  f o r  t h e  development of techniques t o  p r e d i c t  the 

e f f e c t s  of motion, i n  o r d e r  t o  e x t r a p o l a t e  from f ixed  base 

s imula t ion  t o  a c t u a l  f l i g h t .  

Our research  on adapt ive  c o n t r o l  techniques ,  using 

man as a monitor ,  cont inued i n t o  i n v e s t i g a t i o n  of c h a t t e r -  

mode adap t ive  c o n t r o l  i n  which a system l i m i t  cyc l e s  t o  t h e  

o r i g i n  along a p r e s e l e c t e d  swi t ch  curve i n  the phase p l ane ,  

r ega rd le s s  of changes i n  t h e  p l a n t  dynamics. 

S i g n i f i c a n t  advances w e r e  made i n  ou r  research  on eye 

movement models, inc luding  t h e  expos i t i on  of the  importance 

of the synchroniza t ion  between t h e  sampling t i m e  i n  t h e  

sampled d a t a  model and t h e  t i m e  of occurence of t r a n s i e n t  

movements of t h e  v i s u a l  t a r g e t  being t racked.  

A v a r i e t y  of experiments cont inuing our  e f f o r t  t o  

de f ine  c o n t r o l  models of t h e  v e s t i b u l a r  system w e r e  carried 

ou t .  Among the  important  ones w e r e  t h e  q u a n t i f i c a t i o n  of t h e  

response t o  c a l o r i c  s t i m u l a t i o n  and t h e  experimental  v e r i f i c a -  

t i o n  of a theory  f o r  t h e  effects  of r o t a t i n g  l i n e a r  acce lera-  

t i o n  on the  s e m i c i r c u l a r  cana ls .  These l a t t e r  experiments 

w e r e  c a r r i e d  o u t  by measuring eye movements during counter- 

r o t a t i o n  of s u b j e c t s  p laced  on the  arm of the  MIT 
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Ins t rumenta t ion  Laboratory c e n t r i f u g e .  I n  a d d i t i o n ,  ou r  

s i n g l e  a x i s  r o t a t i o n  s imula to r  f o r  v e s t i b u l a r  s t u d i e s  involv ing  

r o t a t i o n  about t h e  v e r t i c a l  a x i s  was completed. A series 

of experiments w e r e  run wi th  t h e  o b j e c t  of uncovering t h e  

d i f f e r e n c e s  between nystagmus and r o t a t i o n a l  percept ioq  

responses ,  and t h e  source of t h e  n o n l i n e a r i t y  was noted i n  

s e m i c i r c u l a r  cana l  func t ion .  During t h i s  r epor t ing  pe r iod ,  

one d o c t o r a l  thesis and one masters thesis r e s u l t e d  from 

research  c a r r i e d  on under t h e  s u b j e c t  g r a n t .  
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11. THREE DIMENSIONAL DISPLAYS 

1. General 

Since September 1 9 6 6  the  Laboratory has worked on the  

development of  a hybr id  computer genera ted  con tac t  analog v i s u a l  

d i s p l a y  i n  which var ious  pe rcep tua l  "depth cues" are inc luded  on 

a two dimensional CRT screen .  T h i s  d i s p l a y  format w a s  chosen f o r  

a number of reasons:  

With t h e  i n c r e a s i n g  complexity of modern V/STOL a i r c r a f t ,  

h e l i c o p t e r s ,  undersea v e h i c l e s  and s p a c e c r a f t ,  and the  p r e c i s i o n  

maneuvering requirement which i s  being p laced  upon t h e m ,  t h e r e  i s  

c l e a r l y  a need f o r  more advanced d i sp lay  systems than  a r e  a v a i l -  

a b l e  today. These d i s p l a y s  must convey informat ion ,  i n  an 

i n t e g r a t e d  and v i s u a l l y  compelling fash ion ,  about t h e  v e h i c l e ' s  

p o s i t i o n  and o r i e n t a t i o n  i n  space.  

The concept of  t h e  inco rpora t ion  of m u l t i p l e  depth cues i n  

con tac t  analog d i s p l a y s  i s  c e r t a i n l y  no t  new. Indeed, t h e  t e r m  

"con tac t "  imp l i e s  t h a t  the  p i l o t  w i l l  be presented  w i t h  a d i sp l ay  

which appears t o  be, i n s o f a r  a s  i s  p o s s i b l e ,  a view of t h e  r e a l  

world a s  seen from h i s  cockp i t  while  f l y i n g  con tac t  VFR and navi- 

g a t i n g  by looking o u t  t h e  window. 

Ear ly  s t u d i e s  w i t h  simple c o n t a c t  d i s p l a y s  o f t e n  w e r e  more 

s u b j e c t i v e  than o b j e c t i v e  i n  n a t u r e ;  and because of t h e  l a r g e  

d i f f e r e n c e s  i n  d i s p l a y  format and t a s k  d i f f i c u l t y  between exper i -  

menters ,  it has been d i f f i c u l t  t o  e v a l u a t e  var ious  c o n t a c t  analog 

d i s p l a y  techniques i n  more than a gene ra l  way. 

approach has l e d  t o  a c e r t a i n  compromise i n  t he  o r i g i n a l  concept 

of  t h e  con tac t  analog d i sp lay .  I n  r e c e n t  y e a r s ,  c o n t a c t  analog 

T h i s  " h i t  o r  m i s s "  

4 

_ .  - 



d i sp lays  have been inco rpora t ed  i n  submarines and i n  s e v e r a l  

m i l i t a r y  a i r c r a f t ,  bu t  because t h e  d i s p l a y s  themselves have n o t  

been completely v i s u a l l y  compelling, t h e  t r e n d  has been t o  a 

system which n o t  only shows a two dimensional approximation of 

t h e  view of  t h e  r e a l  world as seen from t h e  cockp i t ,  b u t  a l s o  

p re sen t s  q u a n t i t a t i v e  readouts  of  v e h i c l e  p o s i t i o n ,  a t t i t u d e ,  

systems s t a t u s  , and va r ious  forms of n a v i g a t i o n a l  and c o l l i s i o n  

avoidance informat ion .  I n  a c e r t a i n  sense ,  though, these 

" i n t e g r a t e d "  d i s p l a y s  have been u n s a t i s f a c t o r y  , because they  

accomplish t h e  i n t e g r a t i o n  of information i n  a t opo log ica l  

s ense  only.  Much of t h e  pe rcep tua l  i n t e g r a t i o n  of information 

must s t i l l  be consciously performed by the  p i l o t .  

I t  was f e l t  t h a t ,  r ega rd le s s  of t h e  requirements f o r  d i r e c t  

parameter readout ,  t h e  b a s i s  f o r  more advanced d i s p l a y  systems 

would be a t r u l y  rea l i s t ic  con tac t  analog d i sp lay ;  one which i s  

t r u l y  i n t e g r a t e d  and v i s u a l l y  compelling. Inco rpora t ion  of 

t h i r d  dimension information i n t o  t h e  d i s p l a y  i n  a r e a l i s t i c  way 

i s  e s s e n t i a l .  

The most s t r a i g h t f o r w a r d  way of i nc lud ing  three dimensional 

information i n  a d i s p l a y  i s  t o  c r e a t e  a s t e r e o s c o p i c  view. 

Severa l  techniques are a v a i l a b l e  t o  do t h i s ,  b u t  a l l  of t h e m  

g e n e r a l l y  have m u l t i p l e  disadvantages which make them i m p r a c t i c a l  

for  d i s p l a y s  of t h i s  type.  S t e r e o p s i s  may be c r e a t e d  w i t h  

Po la ro id  and head mounted TV techniques ,  b u t  a s i d e  from i n t e r f e r i n g  

w i t h  t h e  normal v i s u a l  f i e l d ,  they involve cons iderable  ob jec t ion -  

ab le  encumbrance of  t h e  p i l o t ' s  head. Holographic d i s p l a y  

techniques,  while  making r a p i d  advances, have no t  y e t  been 

developed t o  the  s t a g e  where they  may be considered p r a c t i c a l .  
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Consequently, it w a s  decided t h a t  t h e  most u s e f u l  a r e a  of 

i n v e s t i g a t i o n ,  given t h e s e  c o n s t r a i n t s ,  would be t o  examine t h e  

p o s s i b i l i t y  of i nc lud ing  o t h e r  "depth cues" i n  a d i s p l a y  w i t h  

two dimensional format.  

2 .  D e B t h  Cues 

I t  has  been po in ted  o u t  ( r e f .  1) t h a t  s t e r e o p s i s  ( t h e  

psychophysical percept ion  of depth a s s o c i a t e d  w i t h  b inocu la r  

v i s i o n )  and t h e  r e l a t e d  c l a r i t y  of t h e  image on t h e  r e t i n a  

(depth of focus)  a r e  n o t  t h e  only means which a v e h i c l e  p i l o t  

employs t o  o b t a i n  depth information from h i s  normal v i s u a l  

f i e l d .  Some of t h e  known e f f e c t s  may be i d e n t i f i e d  as fol lows:  

1. "Def lec t ion"  cues;  due t o  

a .  Scene r o t a t i o n  and t r a n s l a t i o n  

b. Observer r o t a t i o n  and t r a n s l a t i o n  

c. Movement p a r a l l a x  between o b j e c t s  i n  t h e  v i s u a l  

f i e l d  

2 .  "Non-Deflection" cues;  due t o  

a. Inve r se  square law of  i l luminance 

b. A e r i a l  pe r spec t ive  ( loss  of image c l a r i t y  due t o  

in t e rven ing  a i r  mass) 

c. Linear  pe r spec t ive  

d. I n t e r p o s i t i o n  effects (where c l o s e r  opaque p o r t i o n s  

of a scene h ide  more d i s t a n t  p o i n t s  l o c a t e d  behind 

them i n  t h e  v i s u a l  f i e l d )  

3.  Pre l iminary  Experiments 

When one "perce ives"  depth i n  a v i s u a l  f i e l d ,  s t e r e o p s i s  

alone i s  n o t  respons ib le .  Rotat ion and t r a n s l a t i o n  of a simple 

two dimensional pe r spec t ive  r e p r e s e n t a t i o n  of a three dimensional 
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scene (such as i n  t h e  shadow c a s t  on a screen by a moving three 

dimensional o b j e c t )  i s  w e l l  documented (ref. 2 ) .  I t  seemed 

l i k e l y  t h a t  head motion would provide as powerful a cue a t  close 

ranges.  I n  an a t tempt  t o  make an assessment of head motion as 

a depth cue,  experiments w e r e  performed wi th  d i f f e r e n t  s i z e d  

cubes and spheres  he ld  mot ionless  i n  a dark room. I t  was veri- 

f i e d  t h a t :  

1. Binocular  v i s i o n  ( s t e r e o p s i s )  provides  a very s t rong  

depth cue; b u t  

2. Monocular v i s i o n  wi th  head movement g i v e s  a depth cue 

which i s  n e a r l y  a s  compelling a s  b inocu la r  v i s ion .  

3 ,  I f  no d e f l e c t i o n  cues a r e  p r e s e n t ,  monocular v i s i o n  

w i t h  t h e  absence of  obse rve r  head movement g ives  a 

poor depth cue. 

These experiments w e r e  performed w i t h  t h e  o b j e c t s  i l lumin-  

a t e d  w i t h  u l t r a v i o l e t  l i g h t  and no more than f i f t e e n  feet  away 

from t h e  viewer. I t  w a s  concluded t h a t  head movement provides  

a s t r o n g  cue t o  t h e  depth of an o b j e c t  being viewed when a t  

c l o s e  range. 

4 .  Construct ion of  a Display System f o r  Depth Cue Evaluat ion 

On t h e  basis of these pre l iminary  experiments,  it seemed 

u s e f u l  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of b u i l d i n g  a v i s u a l l y  

compelling "three dimensional" c o n t a c t  analog d i s p l a y  system i n  

which t h e  non-stereoscopic  d e f l e c t i o n  and non-def l e c t i o n  cues 

a lone  w e r e  i nco rpora t ed ,  

Consequently, fou r  graduate  s t u d e n t s  w e r e  ass igned t o  

develop a pro to type  d i s p l a y  system using t h e  Labora tory ' s  own 
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GPS-290T hybr id  computer, and t o  i n v e s t i g a t e  p i l o t  head p o s i t i o n  

measurement techniques e 

The appara tus  developed, as shown i n  f i g u r e s  1-3, c o n s i s t s  

of a computer genera ted  CRT d i s p l a y  of  a cube, p re sen ted  i n  

pe r spec t ive ,  wi th  inve r se  square l a w  l i n e  i n t e n s i f i c a t i o n .  The 

cube appears as a s o l i d  o b j e c t ,  as a l l  l i n e s  l ead ing  to  hidden 

v e r t i c e s  are blanked. Typical  d i s p l a y  scenes a r e  shown i n  f i g .  

4.  The d i s p l a y  ope ra t e s  cont inuously,  showing t h e  "updated" 

scene t h i r t y  two t i m e s  p e r  second, The p i l o t  has  f u l l  s i x  

degree of freedom c o n t r o l  over  t h e  scene through s imula ted  

veh ic l e  dynamics. Ul t imate ly ,  an u l t r a s o n i c  head p o s i t i o n  

senso r  w i l l  t rack t h e  p i l o t ' s  head motion, and t h e  computer 

w i l l  use t h e  information t o  produce t h e  proper  change i n  a spec t  

and sc reen  p a r a l l a x  t o  make it appear t o  t h e  observer  t h a t  he 

can "look around" t h e  cube. Head p o s i t i o n  senso r  development 

i s  d iscussed  i n  s e c t i o n  5 of t h i s  chapter .  

The o v e r a l l  approach used i n  t h i s  p a r t i c u l a r  system i s  

r e l a t i v e l y  simple and i s  shown i n  f i g .  5. The p i l o t  watches 

t h e  CRT, which he might imagine t o  be an a r t i f i c i a l  window i n  

a h y p o t h e t i c a l  v e h i c l e  whose dynamics are s imula ted  on t h e  

analog h a l f  o f  t h e  computer. 

c o n t r o l  i n p u t s ,  t h e  analog computer determines how t h e  hypo- 

t h e t i c a l  v e h i c l e  would move and feeds  t h i s  information on 

d i g i t a l  computer r eques t ,  through an Analog t o  D i g i t a l  con- 

v e r t e r ,  and t o  a program i n  t h e  d i g i t a l  h a l f  of t h e  machine 

which keeps t r a c k  of a l l  t h e  p o i n t s  i n  t h e  v i s u a l  f i e l d  which 

a r e  t o  be d i sp layed ,  and performs r o t a t i o n s  and t r a n s l a t i o n s  

On t h e  b a s i s  of t h e  p i l o t ' s  
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on t h i s  f i e l d  i n  t h r e e  dimensional body coord ina tes  (see f i g .  

6 )  t o  account f o r  t h e  motion of  t h e  veh ic l e .  This  d i g i t a l  

program o p e r a t i n g  cont inuously also c a l c u l a t e s ,  on t h e  

b a s i s  of  t h e  c u r r e n t  t h r e e  dimensional f i e l d ,  what t h e  f i e l d  

would look l i k e  i f  seen through t h e  d i s p l a y  "window" f r o m  t h e  

p i l o t ' s  c u r r e n t  head p o s i t i o n ,  and prepares  a t w o  dimensional 

d i sp l ay  l i s t  f o r  t h e  analog machine, on t h e  basis  of t h e  

equat ions  shown i n  f i g D  7. 

The d i s p l a y  i t se l f  i s  genera ted  on a Tektronix 565 

Osci l loscope by a hybr id  program which runs s imultaneously 

and i n  p a r a l l e l  w i th  t h e  d i g i t a l  c a l c u l a t i o n  program. Most 

of  t h e  computer t i m e  r equ i r ed  f o r  t h i s  program i s  used by 

t h e  analog computer a c t u a l l y  t o  draw t h e  scene on t h e  CRT 

screen.  

This  analog l i n e  drawing can occur  s imultaneously wi th  

t h e  d i g i t a l  c a l c u l a t i o n  programl b u t  when t h e  analog computer 

i s  ready t o  draw a new l i n e  i n  t h e  d i s p l a y ,  it must r eques t  

t h e  i n f o m a t i o n  about t h e  l i n e  from t h e  d i g i t a l  computer. 

Since t h e  d i g i t a l  computer i s ,  by n a t u r e ,  a ser ia l  machine, and 

i s  capable of performing only  one set  of  i n s t r u c t i o n s  a t  a 

t i m e ,  t h e  system i s  programmed so  t h a t  t h e  d i g i t a l  computer 

w i l l  normally perform t h e  d i g i t a l  c a l c u l a t i o n s  r equ i r ed  f o r  

scene r o t a t i o n  and d i s p l a y  l i s t  gene ra t ion ,  b u t  when t h e  

analog computer needs t o  t a k e  data  f r o m  t h e  d i sp lay  l i s t  i n  

o r d e r  t o  cont inue on and draw a new l i n e ,  an " i n t e r r u p t "  i s  

created. This  i s  e s s e n t i a l l y  a c o n t r o l  p u l s e  which i n t e r r u p t s  

t h e  d i g i t a l  machine t o  s t o p  what it i s  doing, and i n s t r u c t s  it 
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t o  jump t o  a subrout ine  which s t o r e s  away c u r r e n t  machine 

s t a t u s  and then  " s e r v i c e s "  t h e  analog l i n e  gene ra to r  by 

pass ing  information t o  it through a D i g i t a l  t o  Analog con- 

v e r t e r .  

Except f o r  t h e  r o t a t i o n  a lgor i thm employed, t h e  pro- 

gramming of t h e  v e c t o r  t r a n s l a t i o n s  and t h e  c a l c u l a t i o n  of 

t h e  sc reen  coord ina tes  based upon t h e  pe r spec t ive  equat ions  

i s  s t r a igh t fo rward ,  The i n e r t i a l  coord ina tes  of  each ve r t ex  

a r e  s t o r e d  w i t h  36 b i t  p r e c i s i o n ,  Each of t h e  e i g h t  corners  

of t h e  cube i s  considered by i t se l f ,  and is  t r a n s l a t e d ,  

r o t a t e d ,  and t r a n s l a t e d ,  and t h e n  s t o r e d .  The three dimen- 

s i o n a l  coord ina tes  a r e  used t o  c a l c u l a t e  a set of  h o r i z o n t a l  

and v e r t i c a l  screen coord ina tes  e An " i n t e n s i t y  value" f o r  

each v e r t e x ,  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square of t h e  s l a n t  

d i s t a n c e  t o  t h e  v e r t e x  i s  a l s o  computed. 

A f t e r  a l l  e i g h t  cube corner  coord ina tes  have been c a l -  

c u l a t e d ,  t h e  d i g i t a l  computer determines which v e r t i c e s  a r e ,  

i n  f a c t ,  hidden from t h e  o b s e r v e r ' s  view. T h e  machine keeps 

t r a c k  of  the s c a l a r  product  of t h e  outward po in t ing  normal 

vec to r s  of each face of t h e  cube w i t h  a po in t ing  v e c t o r  from 

a p o i n t  i n  t h e  p lane  t o  the  o b s e r v e r ' s  eye. I f  t h i s  do t  

product  i s  nega t ive ,  t h e  side f a c e s  away from t h e  observer .  

I f  it i s  zero ,  t h e  observer  has  an edge view of  t h e  p l ane ,  

and i f  p o s i t i v e ,  t he  p lane  can be seen ,  as shown i n  f i g .  8. 

Scene r o t a t i o n  of t h e  three dimensional coord ina tes  

r equ i r ed  c a r e f u l  review of mathematical  techniques:  A r o t a -  

t i o n  t ransformat ion  w a s  r equ i r ed  which would express  a v e c t o r  
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X i n  one coord ina te  system as X 1  i n  a new coord ina te  system 

which d i f f e r s  from t h e  f i r s t  on ly  by some s m a l l  a r b i t r a r y  

r o t a t i o n .  I f  t h e  t h r e e  coord ina tes  of  each corner  of  t h e  cube 

are opera ted  upon success ive ly  by an or thogonal  coord ina te  

t ransformat ion  ma t r ix  

cos 0 s i n  0 0 

- s i n  0 cos 8 0 

0 0 1 

any a r b i t r a r y  r o t a t i o n  i n  space  can be reduced t o  t h e  

r e s u l t a n t  of a s i n g l e  p i t c h ,  r o l l ,  and/or yaw maneuver using 

t h e  product  of t h e s e  r o t a t i o n  matrices ., Unfortunately,  

ma t r ix  m u l t i p l i c a t i o n  i s  n o t ,  i n  g e n e r a l ,  commutative, so  

the magnitude of t h e  r o l l ,  p i t c h ,  and yaw angles  necessary 

t o  achieve a given a r b i t r a r y  r o t a t i o n  depends very  much on 

t h e  order i n  which they  are performed. For the purposes of  

t h e  d i s p l a y  c a l c u l a t i o n s ,  a given r o t a t i o n  would have t o  be 

b u i l t  up o u t  of a series of s m a l l  symmetrical r o l l ,  p i t c h ,  

and yaw t ransformat ions ,  s i n c e  t h e  ma t r ix  product  of t h e s e  

t ransformat ions  does commute t o  t h e  f i rs t  order.  By us ing  

s m a l l  angular  increments,  a reasonable  approximation t o  a 

given r o t a t i o n  can be achieved by a series o f  nea r ly  

simultaneous r o t a t i o n s  through s m a l l  angular  increments about 
I 

t h e  observer  s coord ina te  axes e 

Since a t a b l e  look up technique could n o t  be used 

convenient ly  f o r  s i n e  and cos ine  terms, a mathematical i n -  

v e s t i g a t i o n  of approximations t o  t h e  or thogonal  r o t a t i o n  

11 



t ransformat ion  w a s  made i n  sea rch  of a s u b s t i t u t e .  Analysis  

of t h e  errors a r i s i n g  o u t  of bo th  t h e  form and t h e  d i g i t a l  

implementation o f  var ious  types  of nearly-orthogonal t r a n s -  

formations l e d  t o  t h e  choice of an a l t e r n a t i n g  o rde r ,  ser ia l  

updating d i f f e r e n c e  equat ion  procedure: f o r  a n e a r l y  or tho-  

gonal t ransformat ion ,  t h e  magnitude of t h e  Eigenvalues of t h e  

t ransformat ion  may be considered as a r e p r e s e n t a t i o n  of t h e  

length  of a u n i t  v e c t o r  when por t r ayed  i n  an or thogonal  

coord ina te  system. I n  a s i m i l a r  sense ,  t h e  d i f f e r e n c e  between 

t h e  " input"  r o t a t i o n  and t h e  angle  of t h e  complex Eigenvalue 

reflects a phase e r ror  i n  an or thogonal  i n t e r p r e t a t i o n .  I t  

t u r n s  o u t  t h a t  i f  

X '  = cx 

and i f  t h e  Eigenvalue i s  a complex q u a n t i t y  and X i s  a u n i t  

v e c t o r ,  t h e  requirement t h a t  t h e  l eng th  of t h e  u n i t  v e c t o r  

be s tab le  f o r  monatonic r e p e t i t i o n s  leads t o  t h e  requirement 

t h a t  

det  C = 1 

a + b + c < 3  

(where a ,  b ,  and c are t h e  diagonal  terms of a 3 x 3 r o t a t i o n  

t ransformat ion)  . A f u r t h e r  requirement f o r  t h e  transforma- 

t i o n  i s  t h a t  i f  t h e  coord ina te  system i s  sub jec t ed  t o  an 

o s c i l l a t o r y  c o n t r o l ,  i . e . ,  a series o f  de,  -de s e q u e n t i a l  

r o t a t i o n s ,  no e r r o r s  develop. This i s  equ iva len t  t o  saying 

c c - = 1  

where C- i s  C(-d0) . 



A t ransformat ion  which satisfies a l l  t h e s e  requi re -  

ments i s  

c =  
1 -  d B  0 1 0 0  1 0 0  1 -  d e  0 2 

- 1 0 0 1 0  
2 

0 1 0  

0 0 1  0 0 1  0 0 1  0 0 1  
2 0 - d 9  

2 
- 

This  a lgori thm w i l l  n o t  diverge and i s  r e v e r s i b l e ,  al though 

it i s  n o t  e x a c t l y  orthogonal.  Hence s m a l l  r a d i a l  d i s t o r -  

t i o n s  w i l l  be in t roduced  during a r o t a t i o n ,  b u t  as r o t a t i o n  

i s  continued, t hese  errors cance l  ou t .  Phase errors accumu- 

l a t e ,  b u t  they  are of t h e  o r d e r  of de e For tuna te ly ,  

d i g i t a l  implementation produces a phase error of oppos i te  

s i g n ,  and when c a l c u l a t e d  t o  36 b i t  p r e c i s i o n ,  t h e  r e s u l t s  

of t h e  i n e r t i a l  coord ina te  r o t a t i o n  proved e n t i r e l y  

sa t i s  f ac to ry .  

3 

The hybr id  l i n e  genera t ion  r o u t i n e  developed by t h e  

l abora to ry  a c t u a l l y  t o  draw t h e  cube shown i n  t h e  d i sp lay  

c o n s i s t s  of  t h r e e  p a r t s .  The analog pa tch  board of  t h e  com-  

p u t e r  is  wired wi th  t h e  d i s p l a y  genera t ion  c i r c u i t r y ,  The 

output  of t h e s e  c i r c u i t s  is  t h e  h o r i z o n t a l ,  ver t ica l ,  and 

i n t e n s i t y  vol tages  which are app l i ed  t o  t h e  CRT t o  c o n t r o l  

beam p o s i t i o n  and b r igh tness ,  The l o g i c  board on t h e  analog 

computer i s  used t o  gene ra t e  t h e  c o n t r o l  s i g n a l s  f o r  t h e  

gene ra t ion  c i r c u i t r y ,  synchronize a l l  programs p r e c i s e l y  t o  

a clock s i g n a l ,  and gene ra t e  i n t e r r u p t  s i g n a l s  which 

r eques t  t he  d i g i t a l  machine t o  "service" t h e  analog c i r c u i t r y  

by performing t h e  d i g i t a l  d i sp l ay  program. 

1 3  



Since  t h e  d i s p l a y  w a s  t o  be used exc lus ive ly  f o r  

experimental  purposes,  a cube seemed t o  be t h e  idea l  o b j e c t  

t o  d i sp lay ,  because of i t s  s imple,  l i n e a r  shape and i t s  

symmetry, which could be exp lo i t ed :  by r ep resen t ing  t h e  

cube ( i n  two dimensions) on t h e  sc reen  as f o u r  t r i a d s  of 

t h r e e  l i n e s  each, as shown i n  f i g .  9 ,  on ly  minimal data 

t r a n s f e r  between t h e  d i g i t a l  d i s p l a y  program and t h e  analog 

d i sp lay  c i r c u i t s  i s  requi red .  This  i s  because each t r i a d  

can be convenient ly  drawn i f  t h e  coord ina tes  of t h e  ve r t ex  

p o i n t  are known, and t h e  s lopes  of  t h e  l i n e s  j o i n i n g  it 

are also obtained.  

The bases of t h e  analog d i s p l a y  genera t ion  c i r c u i t r y  

qre t w o  c i r c u i t s  which produce t h e  h o r i z o n t a l  and ve r t i ca l  

beam p o s i t i o n ,  as shown i n  f i g ,  1 0 .  To draw a given t r i a d  

t h e  fol lowing procedure i s  used: 

The analog c o n t r o l  l o g i c  c i r c u i t s  r eques t  a d i g i t a l  

i n t e r r u p t .  The d i g i t a l  d i s p l a y  program e n t e r s  t h e  d i s p l a y  

l i s t  and f i n d s  t h e  h o r i z o n t a l  and v e r t i c a l  s c reen  coord ina tes  

of t h e  ve r t ex  of  t h e  t r i a d ;  t h e s e  va lues  are converted D-A 

and s e n t  as i n i t i a l  condi t ions  t o  i n t e g r a t o r s  1 and 2 i n  f i g .  

1 0 .  I n t e g r a t o r s  1 and 2 are then  s e t  i n  t h e  compute mode, 

bu t  s i n c e  t h e r e  i s  no i n p u t  and only  an i n i t i a l  condi t ion  

s p e c i f i e d ,  t h e  ou tpu t s  are simply vo l t ages  r ep resen t ing  t h e  

h o r i z o n t a l  and ver t ica l  t r i a d  v e r t e x  p o s i t i o n  on t h e  screen .  

These are fed  as i n i t i a l  condi t ions  t o  " l i n e  drawing" in t eg ra -  

t o r s  3 and 4. Once t h i s  has been done, t h e  analog log ic  board 

i n i t i a t e s  another  i n t e r r u p t .  This  t i m e ,  t h e  d i g i t a l  d i s p l a y  

r o u t i n e  e n t e r s  t h e  d i s p l a y  l i s t  and f i n d s  t h e  h o r i z o n t a l  

coord ina tes  of t h e  endpoints  of t h e  f i r s t  l i n e  t o  be drawn i n  
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t h i s  t r i a d ,  The d i g i t a l  program s u b t r a c t s  t o  f i n d  t h e  

d i f f e r e n c e  i n  t h e  h o r i z o n t a l  coord ina tes  and sends it ac ross  

D - 9  where it i s  set a s  t h e  i n p u t  t o  i n t e g r a t o r  3 .  

program r e p e a t s  t h e  process  f o r  t h e  v e r t i c a l  coord ina te s ,  and 

e n t e r s  t h e  d i f f e r e n c e  i n  i n t e g r a t o r  4. While t h e  d i g i t a l  

computer then  proceeds wi th  t h e  r o t a t i o n  and d i s p l a y  l i s t  

c a l c u l a t i o n  program, both i n t e g r a t o r s  3 and 4 are pu t  i n t o  

t h e  compute mode f o r  a f i n i t e  p e r i o d  of  t i m e ,  T. The 

poten t iometers  i n  t h e  c i r c u i t s  a r e  set a t  1/T. The r e s u l t i n g  

x(T)  and y(T)  t r a c e  o u t ,  p a r a m e t r i c a l l y ,  t h e  c o r r e c t  l i n e .  

This process  i s  then repea ted  twice more with t h e  same 

i n i t i a l  cond i t ions ,  and then  i n t e g r a t o r s  1 and 2 are reset 

f o r  a new t r i a d .  The output  of a c i r c u i t  i s  shown i n  f i g .  

11. When these h o r i z o n t a l  and v e r t i c a l  s i g n a l s  are c r o s s  

p l o t t e d  on t h e  CRT, t h e  proper  f i g u r e  r e s u l t s ,  as shown i n  

f i g .  1 2 .  

The d i g i t a l  

A c i r c u i t  e n t i r e l y  analogous t o  those  i n  f i g .  8 i s  

used t o  c r e a t e  t h e  i n t e n s i t y  s i g n a l  f o r  each l i n e ,  so t h a t  

l i n e s  running ''away" from t h e  viewer become dimmer. However, 

because t h e r e  i s  a series c a p a c i t o r  i n  t h e  CRT i n t e n s i t y  

c i r c u i t  ( i n  t h e  scope i t s e l f )  t h e  i n t e n s i t y  s i g n a l  must be 

modulated by a s i n e  wave. I n  o r d e r  t o  prevent  t h e  beam 

from c r e a t i n g  a t r a c e  during t h e  reset pe r iod ,  t h e  modulated 

i n t e n s i t y  s i g n a l  i s  passed through an e l e c t r o n i c  switch 

which passes  t h e  s i g n a l  t o  t h e  CRT g r i d  only  dur ing  t h e  compute 

pe r iods  of i n t e g r a t o r s  3 and 4 i n  f i g .  1 0 .  This  switch w i l l  

a l s o  remain open durinq a compute pe r iod  i f  t h e  d i g i t a l  d i s -  

p lay  program has discovered t h a t  t h e  l i n e  l eads  t o  a ve r t ex  
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which should n o t  be seen. One of t h e  p r o p e r t i e s  of a cube 

when seen i n  pe r spec t ive  i s  t h a t  i f  a p a r t  of a l i n e  can be 

seen then  a l l  of t h e  l i n e  i s  v i s i b l e ,  and vice-versa.  Hence 

i f  e i t h e r  endpoint  of a l i n e  i n  a t r i a d  cannot be seen ,  then 

t h e  whole l i n e  i s  blanked. A t y p i c a l  i n t e n s i t y  s i g n a l  as it 

i s  f i n a l l y  s e n t  t o  t h e  g r i d  i s  also shown i n  f i g .  1 2 .  

Summarizing, then ,  t h e  l i n e s  of t h e  cube are drawn by 

producing vo l t ages  which are p ropor t iona l  t o  t h e  s lopes  of 

t h e  l i n e s  o f  t h e  t r i a d s  and are paramet r ic  i n  t i m e ,  To be 

above t h e  c r i t i c a l  f l i c k e r  frequency f o r  m o s t  human 

observers ,  a t  least  t h i r t y  complete p i c t u r e s  must be shown 

p e r  second. 

Each frame r e q u i r e s  1 2  compute and 1 2  reset t i m e s ,  and 

t h e  i n t e g r a t i o n  per iod  f o r  each l i n e  w a s  taken t o  be 1 . 3  

mi l l i s econds ,  s o  31 .2  mi l l i seconds  are requi red  p e r  frame. 

5. Development Work on an Ul t r a son ic  Head P o s i t i o n  Monitor 

A method of monitoring t h e  o b s e r v e r ' s  head p o s i t i o n  

was needed i n  order t o  inc lude  t h e  head movement depth cue. 

An accura t e ,  simple system w a s  r equ i r ed ,  one which d id  n o t  

encumber t h e  p i l o t ' s  head. 

Experimentation w a s  undertaken wi th  an u l t r a s o n i c  

sound t r a n s m i t t e r  mounted on t h e  p i l o t ' s  helmet, A s  shown i n  

f i g o  13 ,  i f  two u l t r a s o n i c  receivers are mounted on e i t h e r  

end of a polys tyrene  rod mounted overhead, and t h e  t r a n s -  

m i t t e r  i s  pulsed  p e r i o d i c a l l y ,  t h e  d i f f e r e n c e  between t h e  

a r r i v a l  t i m e s  o f  t h e  t r a n s m i t t e d  pu l se  a t  t h e  t w o  receivers 

i s  d i r e c t l y  p ropor t iona l  t o  t h e  d i s t a n c e  of  t h e  t r a n s m i t t e r  

from t h e  c e n t e r  of t h e  rod, measured along t h e  a x i s  of t h e  
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rod ( r e f .  3 ) .  Notice t h a t  i d e a l l y  t h i s  i s  independent of t h e  

abso lu te  d i s t a n c e  of  t h e  t x a n s m i t t e r  f r o m  t h e  rod. 

A pro to type  system w a s  cons t ruc ted  u t i l i z i n g  several 

inexpensive t r ansduce r s ,  cemented d i r e c t l y  t o  t h e  rod t o  mini- 

m i z e  t h e  loss  i n  amplitude of  t h e  rece ived  waveform. Unfortun- 

a t e l y ,  e lectr ical  and a c o u s t i c a l  problems have been a cons t an t  

source of t r o u b l e  thus  f a r ,  and r e s u l t s  have n o t  y e t  been 

s a t i s f a c t o r y ,  The t r a n s m i t t e r  proved t o  be too h ighly  

d i r e c t i o n a l  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  and a c o u s t i c  

t r a p s i e n t s  and s t and ing  waves set  up i n  t h e  rod made accura t e  

measurement of t h e  t r a n s m i t t e d  waveform u n r e l i a b l e .  

I n  g e n e r a l ,  however, t h e  technique appears promising, 

and arrangements have been made wi th  t h e  MIT Ins t rumenta t ion  

Laboratory t o  complete t h e  development work on t h i s  system 

wi th in  t h e  next  s e v e r a l  months, 

6 .  Conclusions 

To date no sys t ema t i c  s tudy  has been made of  t h e  com- 

bined man-vehicle performance of t h e  system wi th  a given set  

of veh ic l e  dynamics, However, i n d i v i d u a l s  " f ly ing"  t h e  p r e s e n t  

system without  t h e  head p o s i t i o n  monitor r e p o r t  t h a t  i n  gene ra l  

percept ion  of  t h e  o r i e n t a t i o n  and range of t h e  cube are 

unambiguous and maneuvers are q u i t e  easy t o  perform once one has 

become accustomed t o  t h e  s i x  degree of freedom movement and t h e  

var ious  s t i c k  f o r c e  p e c u l i a r i t i e s  of t h e  hand and f o o t  c o n t r o l  

s t i c k s  used i n  t h i s  p a r t i c u l a r  system, 

Observers do r e p o r t  t h a t  occas iona l ly  they do exper ience  

t h e  phenomenon s i m i l a r  t o  "Necker C u b e  Reversal'' as a r e s u l t  
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of occas iona l  ambigui t ies  i n  t h e  depth cues presented  by t h e  

non-stereoscopic  d i sp l ay .  Under t h e  usua l  circumstances , one 

looks a t  t h e  d i s p l a y  and sees t h e  two dimensional f i g u r e  

shown thereon a s  a s o l i d  o b j e c t ,  bu t  wi thout  s t e r e o p s i s ;  t h i s  

i s  probably because o n e ' s  percept ion  of t h e  form of t h e  f i g u r e  

i s  s t r o n g l y  inf luenced  by t h e  way t h a t  one has been i n t e r -  

p r e t i n g  t h e  a v a i l a b l e  depth cues f o r  t h e  l a s t  few moments 

before  t h e  t i m e  i n  ques t ion ,  One's percept ion  of t h e  cube a s  

a s o l i d  o b j e c t  i s  s t r o n g l y  in f luenced  by an e x t r a p o l a t i o n  of 

t h e  perceived o r i e n t a t i o n  of t h e  o b j e c t  during t h e  previous few 

moments, I f  one looks away from t h e  d i sp lay  f o r  a moment and 

then looks back, one i s  forced  t o  develop a new percept ion  of 

t h e  f i g u r e  s o l e l y  on t h e  b a s i s  of t h e  immediately a v a i l a b l e  

depth cues. I f  t h e  a v a i l a b l e  depth cues are ambiguous, as they 

might be i f  t h e  "veh ic l e"  i s  n o t  moving and head motion 

i s  n o t  inc luded  i n  t h e  d i s p l a y ,  one i s  forced  t o  work wi th  only 

t h e  a v a i l a b l e  non-def lec t ion  depth cues,  and as  Necker  has  

shown, one i s  j u s t  as l i k e l y  t o  pe rce ive  t h e  f i g u r e  " reversed"  

as  n o t  i n  such a s i t u a t i o n ,  Given t h a t  one perce ives  it 

reversed ,  t h i s  percept ion  i s  bound t o  cont inue f o r  some t i m e  

u n t i l  one e i ther  looks away o r  conciously dec ides  t o  t r y  t o  

perce ive  t h e  f i g u r e  i n  a d i f f e r e n t  way. 

Most observers  f e l t  t h a t  i n t e n s i t y  modulation wi th  depth 

and e l imina t ion  of hidden l i n e s  was of cons iderable  value i n  

d e t e r r i n g  cube r e v e r s a l ,  and t h a t  i f  r e v e r s a l  could be com- 

p l e t e l y  prevented,  t h e  d i s p l a y  would c e r t a i n l y  be compelling. 

Work i n  t h e  coming months w i l l  be d i r e c t e d  toward t h i s  end: 

ou r  o b j e c t i v e s  a r e  t o  a s s i s t  i n  t h e  refinement of t h e  head 
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p o s i t i o n  sensor ,  so t h a t  it may be incorpora ted  i n  t h e  labora- 

t o r y  d i s p l a y  system as soon a s  poss ib l e .  I n  t h e  i n t e r i m ,  it 

may be p o s s i b l e  t o  t r a n s l a t e  t h e  hybr id  programs i n t o  t h e  

language o f  t h e  MIT Lincoln Labora tory ' s  computer and make a 

pre l iminary  eva lua t ion  of  t h e  e f f i c a c y  of  t h e  head motion cue 

by us ing  t h e  "Lincoln Wand," a t h r e e  dimensional s o n i c  d i sp l ay  

pen a v a i l a b l e  f o r  use wi th  t h a t  computer. 

A t  t h e  same t i m e ,  an i n v e s t i g a t i o n  w i l l  be made of ways 

t o  r e i n f o r c e  t h e  available non-deflect ion cues so they w i l l  be 

less ambiguous. Perhaps t h i s  may be accomplished by producing 

a continuous apparent  s m a l l  o s c i l l a t i o n  of  t h e  cube, t hus  

producing a cont inuously ope ra t ing  " k i n e t i c  depth e f f e c t ,  I' 

S t a r t i n g  i n  September, s t u d i e s  w i l l  be made o f  t h e  

p o s s i b l e  a p p l i c a t i o n  o f  t h r e e  dimensional d i sp l ay  techniques 

t o  t h e  b l i n d  take-off  and landing  problem, p a r t i c u l a r a l y  wi th  

r e fe rence  t o  V/STOL a p p l i c a t i o n s  e 
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Figure 1 

GPS 290T Hybr id  Computer, D i g i t a l  Po r t ion  

Figure 2 

Observer ' s  s t a t i o n .  S i x  degrees of 

freedom of c o n t r o l  a r e  a v a i l a b l e  
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Figure 4 
An "approach" t o  t h e  t o p  of t h e  cube 
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